Abstract. Satellite interferometric synthetic aperture radar (InSAR) has proven to be an effective tool for monitoring surface deformation from volcanoes, earthquakes, landslides, and groundwater withdrawal. This paper seeks to expand the list of applications of InSAR data to include monitoring subsidence possibly associated with thaw settlement over the Alaskan Arctic Coastal Plain. To test our hypothesis that InSAR data are sufficiently sensitive to detect subsidence associated with thaw settlement, we acquired all Japanese Earth Resources Satellite-1 (JERS-1) L-band data available for the summers of 1996, 1997, and 1998 over two sites on the Alaska North Slope. The least amount of subsidence for both study sites was detected in the interferograms covering the summer of 1996 (2-3 cm), interferograms from 1997 and 1998 revealed that about 3 cm of subsidence occurred at the northern Cache One Lake site, and about 5 cm of subsidence was detected at the southern Kaparuk River site. These preliminary results illustrate the capacity of the L-band (24 cm) wavelength JERS-1 radar data to penetrate the short Arctic vegetation to monitor subsidence possibly associated with thaw settlement of the active layer and (or) other hydrologic changes over relatively large areas.
Introduction
There has been considerable speculation about the possibility of a positive feedback in global warming processes in the Arctic, in which increased warming would lead to increased thawing of the permafrost, which would increase the release of the greenhouse gases carbon dioxide (CO 2 ) and methane (CH 4 ), resulting in even more warming (Frohn et al., 2005; Oechel et al., 2000; Tarnocai, 2004; Walter et al., 2006) . In northern latitudes, global warming is being expressed as a lengthening of the growing season, as evidenced by disappearing permafrost and infrastructure damage (Lawrence and Slater, 2005; Nelson et al., 2002) . The rate and magnitude of warming in northern latitudes are of special concern given the extensive permafrost, the high carbon densities in the soil, and the potential for positive feedbacks to the global system. A better understanding of the distribution of permafrost thaw patterns and its changes is critical for the realistic modeling of ecosystem performance.
By definition, permafrost is any soil or rock material that continuously remains below 0°C for 2 or more years (Arctic geobotanical atlas, www.arcticatlas.org). The 2-year minimum stipulation is meant to exclude from the definition the overlying ground surface layer, which freezes every winter and thaws every summer. This layer is commonly called the active layer. Approximately 24% of the Northern Hemisphere land mass is underlain by permafrost (Zhang et al., 1999) . The hydrology of northern latitudes underlain by permafrost is characterized by the barrier that permafrost poses to the vertical movement of water (Hinzman et al., 1991; Kane et al., 1996; Lawrence and Slater, 2005; Nelson et al., 2002; Pullman et al., 2007) . Permafrost determines surface microtopography (Christensen et al., 2004) and, in the far northern part of Alaska, allows for the formation of many small lakes and drained thaw lake basins (Frohn et al., 2005; .
As permafrost thaws, roads and buildings that were built on permafrost are in jeopardy of collapse. Future construction will require new designs that will withstand the thawing process or prevent the continued thawing under the infrastructure. Permafrost thawing and the resulting enhancement of water infiltration and accelerated decomposition of large stores of frozen organic carbon could radically affect ecosystems of the Boreal and Arctic regions (Jorgenson et al., 2001; . Radical changes are evident in areas where the permafrost has fully thawed (Christensen et al., 2004) ; new lakes are forming, and others are draining as the natural percolation of water is altered by the melting soil (Lawrence and Slater, 2005) .
InSAR overview
Interferometric synthetic aperture radar (InSAR) is a relatively new remote sensing technique involving the use of two or more synthetic aperture radar (SAR) images of the surface to detect subtle topographic changes resulting from natural or anthropogenic sources (Lu, 2007; Lu et al., 2005a; 2005c; 2007; Massonnet and Feigl, 1998) . InSAR combines the phase information from two or more SAR images of the same area acquired from similar vantage points at different times to produce an interferogram. The interferogram, depicting range changes between the radar satellite and the ground, can be further processed with a digital elevation model (DEM) to detect surface deformation with a horizontal resolution of tens of metres over an area 100 km × 100 km, with centimetre to subcentimetre vertical precision (under favorable conditions). Because SAR operates at microwave wavelengths (from a few centimetres to tens of centimetres) it is able to penetrate clouds and rain during its day and night passes to acquire timely images over cloud-prone Arctic regions.
Interferometry has been used to measure deformation associated with a number of natural and anthropogenic causes. InSAR has successfully been used to monitor volcanic deformation caused by the movement of a magma source located many kilometres beneath the Earth's surface (Lu et al., 2003; 2005b; 2007; Wicks et al., 1998) and deformation caused by earthquakes (Fialko et al., 2002; Lu et al., 2005c) . Other researchers have shown that InSAR is able to detect and measure deformation caused by the withdrawal and recharge of groundwater (Bawden et al., 2001 ). More recently, InSAR has proven useful for measuring changes in water levels in swamp forests (Lu et al., 2005a) . Through this research we attempt to expand the list of InSAR applications to include the measurement of seasonal subsidence possibly associated with the thaw settlement of Arctic lands underlain by permafrost.
Past studies
Since permafrost degradation may lead to significant ground surface subsidence, it is of paramount importance to understand land surface deformation induced by changing permafrost over northern Alaska. Our objective is to investigate whether allweather Japanese Earth Resources Satellite-1 (JERS-1) InSAR images are capable of measuring subtle ground surface deformation that may be related to the seasonal thawing of the active layer. A past study using European Earth Resources Satellite (ERS-1) InSAR data reported measuring about 3 cm of uplift related to frost heave during the fall of 1995 (Wang and Li, 1999) . To our knowledge, no InSAR-based studies measuring the subsidence caused by thaw settlement have been published. However, other researchers have attempted to measure thaw settlement using short-wavelength C-band radar data without success (C. Werner, personal communication, 2007) . A study using differential global positioning system data measured about 4 cm of subsidence near Prudhoe Bay, Alaska, during 2001 Alaska, during -2002 and attributed the subsidence to thaw settlement (Little et al., 2003) .
Past attempts to detect and monitor the subsidence associated with the seasonal thawing of the active layer were conducted using short-wavelength C-band data. The C-band radar often resulted in poor coherence over the study areas. The objective of this paper is to demonstrate that longer L-band wavelength data are better suited to monitoring deformation in Arctic regions. The L-band JERS-1 data will maintain coherence in the rapidly changing Arctic environment to detect subsidence possibly related to the thawing of the active layer.
North Slope study site
A large part of the Alaska North Slope, from just south of Prudhoe Bay in the north to the Brooks Range in the south, serves as our overall study site (Figure 1) . The study site contains a variety of vegetation types typically associated with permafrost (Jorgenson and Heiner, 2004; Walker et al., 1994) . According to Jorgenson and Heiner (2004) , the dominant vegetation type in our study site is wet sedge tussock tundra. The southern, hillier portion of our study site is underlain by permafrost with a thickness of approximately 250-350 m (Kane et al., 1996) . The northern portion of our study area near the Beaufort Sea has a significantly thicker (600 m) layer of permafrost and a thermokarst type of landscape (McNamara et al., 1998) composed of several small lakes and drained thaw lake basins. Topography in the thermokarst landscape is irregular and hummocky, with pits and depressions developed by thaw settlement in an otherwise smooth landscape (Frohn et al., 2005; Hinkel et al., 2001) .
The depth of thaw of the active layer is dependent on (i) topographic factors such as slope and aspect, (ii) climatic factors such as air and ground temperature, (iii) hydrologic factors such as the presence of running water (Kane et al., 1996; McNamara et al., 1998) , and (iv) vegetation type and the thickness of the organic (duff) layer. In the southern uplands, the active layer may be as thick as 70 cm; in the northern lowlands, the active layer may be as shallow as 30 cm (Wang and Li, 1999) . However, the depth of the active layer can be radically altered by the presence of flowing water. In lowland riverine areas, the continued presence of flowing water and its thermal transmission of heat can lead to active layer thaw depths of approximately 50 cm or more along lowland streams and river channels Hinzman et al., 1991; Kane et al., 1996; Nelson et al., 1997; . Because of the greater depth of thaw in riverine ecosystems, one may expect there to be greater thaw subsidence in riverine ecoregions than in upland tundra areas Shiklomanov and Nelson, 1999) . We therefore decided to concentrate our efforts to detect changes in elevation to icerich riverine ecosystems where the expected surface subsidence would be greater than that of the surrounding uplands regions.
Because of a banding problem (for a complete discussion see the section titled Ionospheric changes) in the full JERS-1 scenes, and the resulting loss of interferometric coherence, we decided to focus our study on two riverine sites where the radar phase signal appears to be relatively unaffected by the banding problem (Figure 2) . The Cache One Lake study site, located at 69°18′N latitude and 147°43′W longitude, is located in the eastern portion of the overall study area (Figure 1) . The Cache One Lake site is dominated by two well-defined riverine areas and is located in the foothills of the Brooks Range. The Cache One Lake site ranges in elevation from -224 m in the northwest corner to -1417 m in the southeastern portion of the site ( Figure 3A) . According to Jorgenson and Heiner (2004) , the upland areas of the Cache One Lake site are dominated by upland shrubby tussock tundra vegetation, and the well-defined riverine areas are dominated by riverine moist sedge-shrub vegetation ( Figure 3B ). Since the riverine areas in the Cache One Lake site are constrained by topography, we expect the majority of the subsidence to be limited to the two riverine areas.
The second study site, the Kuparuk River site, is located in the southwestern portion of the overall study area, along the Kuparuk River (Figure 1) . The Kuparuk River site is centered on the point at 68°58′N latitude and 149°33′W longitude. The Kuparuk River study site contains gently rolling terrain that varies in elevation from -250 m to -750 m ( Figure 3C) ; about 80% of the site is covered with a riverine wetland type of ecosystem ( Figure 3D ) (Jorgenson and Heiner, 2004) . The dominant type of vegetation in the riverine areas is a moist sedge-shrub type of vegetation. The Kuparuk River site is treeless and is underlain by a continuous layer of permafrost (Walker et al., 1994) . Unlike the Cache One Lake site, the two riverine areas in the Kuparuk River site are not tightly constrained by topography but tend to meander into broad floodplains separated by a rolling hill that extends from north to south across the study area. Located near the center of the Kuparuk River site is a lowland area classified as riverine barrens (Jorgenson and Heiner, 2004) . This area appears to be flooded in the spring JERS-1 images but is not flooded in the fall imagery. Along the riverine areas in the Kuparuk River site, the depth of thaw of the active layer is greater than 70 cm (Shiklomanov and Nelson, 1999) . The combined area of the two study sites is large enough to test the capabilities of the JERS-1 InSAR data for mapping land surface deformation caused by thaw settlement. Illustration showing the approximate location of the overall study area, the approximate coverage of the four JERS-1 radar data tracks, and the location of the Cache One Lake and Kuparuk River study sites.
InSAR data and processing
We obtained SAR images of our study areas suitable to create InSAR pairs for the summers of 1996, 1997, and 1998 to map seasonal land surface deformation over the two study sites. Because longer wavelength L-band SAR penetrates vegetation better than shorter wavelength data (C-band), we obtained 29 L-band JERS-1 scenes over our study site from the Alaska Satellite Facility. Seventeen JERS-1 scenes were used to create 10 interferograms of the study sites ( Table 1) . The remaining 12 scenes were determined to be contaminated by atmospheric and (or) other noise and were not used in the study. At high latitudes, individual JERS-1 scenes from adjacent tracks overlap approximately 70%, thus reducing the temporal repeat pass frequency and increasing the number of InSAR pairs for a given study site. Unfortunately, annual InSAR pairs could not be created because of large baselines and other orbital geometry issues with the JERS-1 data. The subsidence estimates in this study are limited to only the seasonal consequences of the thawing permafrost rather than the subsidence caused by the interannual freeze-thaw cycle and the associated reduction in the volume of the active layer.
InSAR processing techniques
The US Geological Survey 15 min Alaska DEM (Gesch, 1994) with a specified horizontal accuracy of -60 m and root mean square vertical error of less than 15 m was used to remove the topographic effects in the interferograms (Massonnet and Feigl, 1998) . The resultant topography-removed interferometric phase then contains information related to ground surface deformation, changes in atmospheric conditions, and noise; Figures 4A, 4B, and 4C, respectively, show that, although the subsidence is somewhat controlled by topography, the DEM successfully removed the topographic effects from the interferograms. If the topographic effects had not been removed, the subsidence would be restricted to areas having the same elevation, and the interferometric fringes would appear like a contour map. The interferogram in Figure 6G shows that, although the maximum amount of subsidence does tend to occur in the lowlands, the interferometric fringes do not closely follow the topography because some areas having rather large amounts of subsidence are located on hilltops. Since many factors such as ground temperature and vegetation type are to some degree controlled by topography, the interferograms for the sites will always show some correlation between subsidence and topography (Hinkel et al., 1990 ).
An interferogram is the complex cross-correlation of two SAR images and measures changes in elevation between image observations. Therefore, InSAR is only capable of providing a snapshot of how the surface changes with respect to elevation between the two observation periods. The amplitude of the cross-correlation, referred to as interferometric coherence, describes the degree to which the two SAR images are correlated. When compared with C-band wavelength radar data, longer wavelength JERS-1 SAR data penetrate farther into the vegetation canopy and are therefore not as affected by changes to the upper portion of the vegetation canopy. The backscatter signal from the JERS-1 sensor should remain coherent under conditions that would cause shorter C-band wavelength SAR sensors like the European Earth Resources Satellite (ERS-1/2) and Canadian RADARSAT-1 sensors to lose coherence. Satellite position and attitude are used to The change in azimuth offsets is most likely due to ionospheric disturbances during acquisition. Furthermore, the coherence image in (B) illustrates the loss of interferometric coherence over the ionospherically affected zones. remove effects caused by orbital differences between the two passes. Because of the poor accuracy of the position vectors in JERS-1 data, baseline estimates (Table 1) are not accurate and can result in long-wavelength artifacts in the final interferogram. To refine JERS-1 baseline estimates, we used the DEM as a constraint to remove artifacts because of the indetermination of the baseline (Rosen et al., 1996) . In this approach, the interferometric fringes over the whole region were used in a least-squares approach to determine the baseline vector (Rosen et al., 1996) . The resulting interferometric phase values are coded according to a range of colors. A full cycle of colors in the interferogram is often termed a fringe. A single fringe represents a phase change of 2π, which is equivalent to a radar range change of half the radar wavelength, or about 12 cm for the JERS-1 data. In this study the range of colors from cyan-magenta-yellow-green represents about three quarters of a fringe or about 10 cm of deformation. The color order of the fringes indicates that the Earth's surface is moving away from the satellite (i.e., subsidence).
Coherence estimates for the study area can be used to determine the viability of the deformation estimates. Interferometric coherence is a qualitative assessment of the correlation between two SAR images acquired at different times. The degree or lack of coherence controls the feasibility of applying InSAR over the study area, determines the magnitude of phase errors, and thus determines the accuracy of deformation estimates. Constructing a coherent interferogram requires that the SAR images correlate with each other; that is, the backscattering spectrum must be substantially similar over the observation period. Physically, this translates into a requirement that the ground scattering surface be relatively undisturbed at the radar wavelength scale between measurements (Zebker and Villasenor, 1992) . Loss of InSAR coherence is also referred to as decorrelation. There are three primary sources of decorrelation: (i) thermal decorrelation, caused by the presence of uncorrelated noise sources in radar instruments; (ii) spatial decorrelation, which results when the target is viewed from different positions; and (iii) temporal decorrelation, caused by environmental changes such as vegetation growth and (or) snow cover. Reduction of radar coherence is the major obstacle to applying InSAR to the Alaska sites, where processes reducing interferometric coherence include snow-ice melting and accumulation, freezing-thawing of surface material, erosion-deposition of July to 31 August 1997; and subsidence values in (C) cover the 88-day period from 5 July -1 October 1998. Although the subsidence tends to occur along the lowland or riverine areas, all profiles show areas of substantial subsidence occurring in upland areas or in areas with significant slope. This indicates that the USGS DEM was sufficient to remove the effects of topography from the interferograms. The perpendicular baseline for all pairs is well within the 5000 m critical baseline for L-band JERS-1 data. Table 1 . JERS-1 information relating to the dates of the reference and subordinate images, temporal separation of the reference and subordinate images, the perpendicular baseline for each InSAR pair, the study area imaged by the InSAR pair, and the number of the figure in which the InSAR pair and other information are displayed.
soil, and vegetation change. By analyzing the degree of interferometric coherence over the two study sites, we can better understand whether InSAR is feasible for measuring permafrost-induced deformation over this region. Three frames of data for each JERS-1 orbit were processed to create an image with an aerial coverage of approximately 90 km × 200 km. During InSAR processing, an anomaly in the phase data of some images appeared as horizontal bands of lost coherence across the scenes (Figure 2) . The bands of lost coherence, particularly obvious in the phase portion of the interferograms, transect the entire scene and regularly repeat themselves. These bands made processing the complete scene difficult, especially when applying the branch-cut phase unwrapping technique, as it works best when the phase data are contiguous throughout the scene (Goldstein et al., 1988) . Focusing on two sites relatively unaffected by the banding problem helped eliminate some of the problems associated with the branch-cut algorithm. Unfortunately, this means that we will not be able to discern any possible subsidence trends occurring over the extent of the entire JERS-1 coverage area (Figure 2) .
We carefully examined the raw JERS-1 data during processing to ensure that the lines of lost coherence could not be caused by missing lines. First, a scan of the JERS-1 raw data was performed to determine if there were any missing lines in the data by checking the line counter in the header of each line in the raw data. Second, we used the raw data to evaluate the line to line correlation coefficient. If there are any missing lines in the data, the correlation coefficient will be significantly reduced. After applying both procedures, we found no missing lines over the zones of lost coherence. Furthermore, the loss of interferometric coherence over the affected zone, the azimuth offset estimate, and the return of high coherence after the affected zone provide additional evidence to confirm that there were no missing lines in any of the images. These tests boost our confidence that the large offset estimates in the areas of lost coherence are likely due to changes in the total electron content in the ionosphere.
Ionospheric changes
It has been demonstrated that fluctuations in ionospheric electron density can result in modulations in SAR and InSAR images (Gray et al., 2000; Mattar and Gray, 2002; Meyer et al., 2006; Wegmuller et al., 2006) . The ionospheric disturbance in InSAR images could produce an azimuth pixel shift in SAR image correlation and can affect a few kilometres in scale (Figures 2A, 2B) . Accordingly, interferometric phase values over the affected region are also biased. The ionospheric effect is more pronounced over polar regions, particularly over strong magnetic disturbance. The effects are more severe on longwavelength SAR data (e.g., L-band) than on short-wavelength SAR data (e.g., C-band). As L-band JERS-1 SAR data are used in our study area, which reaches to nearly 70°N latitude, we are concerned with any ionospheric delay disturbance in our JERS-1 interferograms. Figure 2C shows the image offsets in azimuth direction by correlating the two SAR images used to produce the interferogram in Figure 2A . Azimuth offsets range from -5 to 10 m. This is most likely caused by ionosphere disturbances during SAR image acquisition (Gray et al., 2000; Mattar and Gray, 2002) . The ionospheric anomalies affect not only the azimuth offset but also the interferometric phase by introducing phase delays and reducing the coherence of the interferogram. Figure 2B is a coherence map with the ionosphere affects. It is obvious the interferometric coherence is lost over the affected zones (cyan). Even though the interferometric coherence can be improved by taking into account the localized offset anomalies (Wegmuller et al., 2006; Yun et al., 2007) , the phase anomalies cannot be easily removed. Accordingly, we mask the areas that are severely affected by ionospheric artifacts and do not use the interferometric phase signal over the affected areas for further analysis.
Analysis and discussion

Coherence observations: applicability of InSAR
Over the Cache One Lake study site, we produced five usable interferograms from which to draw our observations ( Table 1) . The best coherence between interferometric pairs was obtained with the 44-day repeat pass interferograms ( Figures 5A, 5G) . However, good coherence was obtained in the 88-day interferogram ( Figure 5D ) covering the period 16 July to 12 October 1997 in all but the alpine areas. The alpine areas in the southeast part of the Cache One Lake study site do not maintain a high degree of coherence, even in the 44-day interferograms, and completely lose coherence in the 88-day interferogram ( Figures 5A, 5D, 5G) . The complete loss of coherence in the alpine area in the 88-day interferogram from 1997 ( Figure 5D ) may result from the presence of ice and (or) snow or the diurnal refreezing of the soil in the 12 October 1997 image. The lack of coherence in the alpine areas of the Cache One Lake study site will have little effect on our deformation results, as we expect that the subsidence will be primarily confined to the lowland riverine areas that maintained a high degree of coherence in all interferograms, not just the three shown in Figure 5 . Also, all five Cache One Lake interferograms were unaffected by the previously mentioned ionospheric problem and the resulting loss of coherence ( Figure 5) .
A total of five interferograms ( Table 1) provide coverage of the Kuparuk River site. Three of the interferograms have 44-day separations; the other two interferograms have 88-day separations (Figure 6) . Because of the relative southerly location of the Kuparuk site and its lack of alpine terrain, all interferograms maintained a high degree of coherence ( Figures 6A, 6D, 6G) . The northern part of the Kuparuk River site is affected by the banding problem associated with changes in the ionosphere. The interferogram most affected by the banding problem uses data acquired on 6 July and 2 October 1998 (Table 1) , as the band of lost coherence transects the center of the study site. Another 1998 interferometric pair using imagery collected on 5 July and 1 October 1998 is not as affected by the banding problem and shows good coherence except for the ionospheric contamination in the upper portion of the image (Figure 6G) . Although the early summer (22 May -5 July 1998; Table 1 ) interferogram does not exhibit the banding problem, much of the site failed to maintain interferometric coherence, possibly because of the presence of ice, snow, or frozen ground in the 2 May image.
The intermittent lake located near the center of the Kuparuk River study site exhibits seasonal changes, as the coherence of the site fluctuates (Figures 6A, 6D, 6G) . In the 17 June -31 July 1996 and 5 July -1 October 1998 interferograms, the area of lost coherence is quite large (Figures 6A, 6G) . However, in the late summer to fall interferogram (18 July -31 August 1997; Figure 6D ) only a small area has completely lost coherence. The colorized amplitude images in Figures 6B,  6E , and 6H confirm that the water levels for this small intermittent lake vary throughout the summer and indicate that the lake is likely quite shallow. This rather small area of lost coherence is likely due to the presence of standing water. However, the small intermittent lake and resulting area of lost coherence will not affect the subsidence estimates for the Kuparuk River site, as subsidence can be measured over the broad Kuparuk floodplain.
Analysis of amplitude data
The JERS-1 backscattered amplitude data, or more succinctly the change in amplitude between two image observations, can be used to help determine a possible source for the deformation. Many radar studies have used the SAR amplitude data to measure changes in soil moisture with varying success (Benallegue et al., 1995; Champion and Faivre, 1997; Dobson and Ulaby, 1981; Hegarat-Mascle et al., 2002; Kane et al., 1996; Ulaby et al., 1996) . The colored radar amplitude images for Cache One Lake (Figures 5B, 5E, 5H ) and Kuparuk River (Figures 6B, 6E, 6H) were created by assigning the reference image to the red band, the subordinate image to the green band, and a difference image (subordinate minus reference) to the blue band. In the difference images, cyan areas have a large positive difference, whereas dark blue areas have a large negative difference. The muted yelloworange areas in the colored images are indicative of relatively small changes in the backscattered intensity values. If the subsidence in the interferograms were solely due to changes in soil moisture, the colorized amplitude images would reveal patterns of change similar to the subsidence patterns found in the interferograms. Since the patterns found in the colorized amplitude change images for both study sites show no similarity to the deformation patterns in the interferograms, we rule out changes in soil moisture as being the primary driving force behind the deformation. However, changing soil moisture conditions may contribute to the total amount of observed subsidence.
Thaw settlement -induced subsidence
Analysis of the interferograms is dependant on several critical assumptions: (i) the areas experienced no deformation because of tectonic strain; (ii) there are no anthropogenic sources of deformation; (iii) the L-band JERS-1 is sufficiently long to penetrate the Arctic vegetation; and (iv) the elevation of the uplands, with respect to the lowlands, will remain constant. The first assumption, namely that the study area experienced no deformation because of tectonic strain, is met because the area contains no known fault lines. Second, the only possible source of anthropogenic deformation, the National Petroleum Reserve in Alaska, is located too far west of our study site to be of concern. However, Prudhoe Bay, located just north of our study site, is a major source of crude oil. Although the pumping of oil near Prudhoe Bay may lead to deformation in the immediate area, our study sites, located approximately 125 km to the south, should be sufficiently removed from this possible source of contamination. Thus, subsidence associated with oil extraction should not affect our deformation measurements. Our third assumption is that the L-band radar wavelength should be sufficiently long to penetrate the canopy of the short Arctic vegetation, and therefore most of the returned radar signal will be returned as a result of an interaction with the land, rather than the vegetation. Given the 23 cm wavelength of the JERS-1 data and the lack of woody vegetation in our study sites, the JERS-1 radar signal will have no problem penetrating the short Arctic tundra vegetation. Our fourth assumption is that the elevation of the uplands, with respect to the lowlands, will remain relatively constant between JERS-1 acquisitions. Since the depth of the active layer is less in upland areas than in lowland areas, and given that the uplands are underlain by bedrock, the uplands should experience minimal subsidence. If the aforementioned assumptions hold, we assume that most of the remaining deformation signal represents change to the Earth's surface.
The Cache One Lake interferograms for the summers of 1996, 1997, and 1998 (Figures 5A, 5D, 5G) show varying amounts of land surface subsidence over the site. The 1996 interferogram from 29 July to 11 September 1996 ( Figure 5A ) of Cache One Lake shows little to no deformation, whereas the interferogram from 16 July to 12 October 1997 ( Figure 5D ) shows that about 5 cm of subsidence occurred over the 88-day period, or about 2.5 cm of subsidence over a 44-day period. However, the 44-day interferogram covering the period 3 July to 16 August 1998 ( Figure 5G ) experienced about 4 cm of subsidence. Comparing the 1997 profile ( Figure 5F ) to the 1998 profile ( Figure 5I) shows that the subsidence along the profile A-A′ for the 1997 interferogram is much more variable than the subsidence in the 1998 interferogram. This large variability might indicate that the 12 October 1997 image was experiencing a daily freeze-thaw cycle or that the area is covered with snow. This would also explain why the 1997 ( Figure 5D ) subsidence is only half that of the 1998 interferogram ( Figure 5G ) and the presence of scattered areas of lost coherence (small black areas) in the interferogram. The subsidence in the Cache One Lake site for both the 1997 and 1998 interferograms appears to be somewhat constrained by the riverine areas (Figures 5D, 5G) , although the area just east of Cache One Lake (magenta to yellow area) exhibits about 6-7 cm of subsidence. Comparing the subsidence patterns in the interferograms for Cache One Lake (Figures 5A, 5D, 5G) to the vegetation information found in Figure 3B reveals that the subsidence is not dependent on vegetation but is located across several vegetation classes. Therefore, we conclude that the effect of the vegetation on the phase signal is negligible.
Given the more southerly location of the Kuparuk River site, we would expect there to be greater subsidence than that observed in the northern Cache One Lake site. Evidence of increased subsidence can be found in the profiles (Figures 6F,  6I) for the 1997 and 1998 interferograms and in the increased number of partial fringes located throughout the interferograms (Figures 6D, 6G) . Similar to the 1996 interferogram for Cache One Lake, the 1996 44-day interferogram for the Kuparuk River site shows that only about 2 cm of subsidence occurred in the eastern uplands ( Figure 6A) . The 44-day interferogram covering the period from 18 July to 31 August 1997 shows that about 4-5 cm of subsidence occurred along the Kuparuk River and about 4 cm of subsidence occurred along the riverine system in the eastern part of the scene (Figure 6D ). Like the Cache One Lake site, the 1998 interferogram for the Kuparuk River exhibits the greatest amount of subsidence (about 10 cm). Normalizing the 88-day interferogram from 5 July to 1 October 1998 to 44-days reveals that the 1997 and 1998 interferograms for the Kuparuk River study site (Figures 6D, 6G ) experienced similar amounts of subsidence (Figures 6F, 6I) . Whereas the subsidence in the Kuparuk River site was centered over the river channels, the larger floodplain of the river allows for a broader area of deformation. Small amounts of subsidence in the Kuparuk River site are located on upland areas having rather significant amounts of slope and indicates that the topographic effects were removed from the interferograms and that the interferograms were not contaminated by vegetation. It is unlikely that such large amounts of subsidence could be caused solely by the drying of the soil. Instead, the thawing must extend deep into the active layer. However, other hydrologic factors such as the seasonal drying of the active layer and the resulting soil consolidation contribute to the total amount of observed subsidence.
The image acquisition time may affect the amount of observed subsidence in the interferograms. For example, scenes acquired in early spring may be subject to a diurnal freezethaw cycle, which may induce subtle, but short-lived surface deformation. Also, lowlands in the Arctic tend to have higher relative humidity levels than the upland areas. High humidity levels in the lowland valleys may cause additional artifacts in the interferogram. These artifacts can be minimized by using multiple interferograms covering similar time periods (Zebker et al., 1997) .
Conclusions
Using all available L-band InSAR data from the JERS-1 sensor, we constructed 16 InSAR pairs acquired during the short Arctic summers of 1996, 1997, and 1998 . Ten of those pairs were determined to be relatively free from atmospheric contamination or other noise and were used in our analysis. During construction of the InSAR image pairs we observed a problem with the phase data resulting from changes in the ionosphere that manifests itself as areas of lost coherence laterally transecting the interferograms. Because of ionospheric changes, we were unable to observe any general deformation trends over the entire study area. We were, however, able to work around the strips of lost coherence caused by ionospheric changes by concentrating our efforts on two areas relatively unaffected by the ionospheric changes.
The Cache One Lake and Kuparuk River sites demonstrated various amounts of subsidence, with the least amount of subsidence occurring in the interferograms for 1996 and the maximum amount of subsidence in the 1998 interferograms. For the Cache One Lake site we observed about 4 cm of subsidence near the lake outlet in 1997 and 4-5 cm of subsidence in 1998. For the Kuparuk River site we observed subsidence rates of 4-5 cm in 1997 and about 5 cm in 1998 (when normalized to 44-days). We attribute the greater subsidence rates for the summers of 1997 and 1998 to be primarily because of an increase in the depth to frozen soil resulting from warmer air and ground temperatures and the consequent thawing of ice-rich permafrost in riverine areas. However, other hydrologic properties of permafrost thaw such as the downslope movement of groundwater near the freezethaw soil transition and the seasonal drying of the active layer contribute to the total amount of observed subsidence.
Our results provide a promising first step to monitoring thaw subsidence using L-band wavelength JERS-1 InSAR data. Interferograms created from the JERS-1 data maintained sufficient coherence over lowland areas during the 44-and 88-day repeat pass frequency to map subsidence possibly associated with thaw settlement during the short Arctic summers. These results should be treated as preliminary, as the accuracy of the subsidence estimates has not been verified with field measurements.
